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Alzheimer´s diseaseCa2+-ATPases are plasmamembrane and intracellular membrane transporters that use the energy of ATP hydro-
lysis to pump cytosolic Ca2+ out of the cell (PMCA) or into internal stores. These pumps are themain high-afﬁnity
Ca2+ systems involved in themaintenance of intracellular free Ca2+ at the properly low level in eukaryotic cells.
The failure of neurons to keep optimal intracellular Ca2+ concentrations is a common feature of neurodegener-
ation by aging and aging-linked neuropathologies, such as Alzheimer's disease (AD). This disease is characterized
by the accumulation of β-amyloid senile plaques and neuroﬁbrillary tangles of tau, a protein that plays a key role
in axonal transport. Here we show a novel inhibition of PMCA activity by tau which is concentration-dependent.
The extent of inhibition signiﬁcantly decreases with aging in mice and control human brain membranes, but in-
hibition proﬁles were similar in AD-affected brain membrane preparations, independently of age. No signiﬁcant
changes in PMCA expression and localizationwith aging or neuropathologywere found. These results point out a
link between Ca2+-transporters, aging and neurodegeneration mediated by tau protein.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Aging involves a physiological neurodegenerative process which in-
cludes functional and biochemical changes before a signiﬁcant cell
death occurs [1]. However, these changes are frequently observed in
neuropathologies where aging is also a risk factor.
Neurodegeneration is primarily related with a lack of function in
cells where functional polarity and cytoskeleton organization is crucial.
Several aging-associated pathologies are related with cytoskeleton-
associated proteins such as tauopathies, a group of disorders where
the function of tau protein is affected. Tau is a microtubule associated
protein involved in the assembly and stability of microtubules in neu-
rons [2]. Its function is dependent on its phosphorylation state [3], e.g.
when tau is dephosphorylated, microtubules can elongate promoting
vesicular transport, but when tau is phosphorylated, microtubules are
more stable and elongation is reduced. In pathological conditions, tau
proteinmay result hiperphosphorylated generating aberrant aggregatesβ peptide; MV, membrane vesi-
mbrane Ca2+-ATPase; SERCA,
ry pathway Ca2+-ATPase
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cultad de Ciencias, Universidad
n.that are toxic to neurons. Thus, the presence of these tau aggregates,
known as neuroﬁbrillary tangles (NFTs), is a hallmark of different
tauopathies [4].
Neural aging is also well associated to Ca2+ dyshomeostasis [5–9].
That would involve alteration of Ca2+-mediated signaling pathways
that may affect critical activities as membrane excitability, synaptic
plasticity or cytoskeleton reorganization [10]. In fact, tau phosphoryla-
tion can be Ca2+-dependent since kinases such as glycogen synthase
kinase 3β (GSK3β) increase their activity when cytosolic Ca2+ levels
are high [11], contributing to the disorder.
Among aging-related neuropathologies, Alzheimer´s disease (AD) is
one where both, the presence of NFTs of tau [12,13] and Ca2+ dysregu-
lation [5,14–16] have been associated to the neurodegenerative process.
AD is characterized by a progressive loss of cognitive abilities that
implies an important social impact. In addition, AD presents another
histological hallmark such as a large number of senile plaques of the
neurotoxic amyloid β-peptide (Aβ). The relationship between Aβ and
Ca2+ dyshomeostasis has been well documented [17–20] including
alteration of Ca2+-regulatory proteins. Thus, it has been reported an in-
hibitory effect of Aβ in the activity of plasma membrane Ca2+-ATPase
(PMCA) [21,22] and an alteration of amyloid β production by SERCA
in CHO cells [23]. Ca2+-ATPases are high afﬁnity active transporters
that pump Ca2+ ions through the plasma membrane (PMCA) or organ-
elle membranes of sarco(endo)plasmic reticulum (SERCA) and secreto-
ry pathway (SPCA) (reviewed in [24,25]). Their activities in neurons
have been well documented in many important processes depending
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optimal intracellular Ca2+ levels are affected [29–31], including the
Aβ-Ca2+-ATPases interactions mentioned above. However, Ca2+ regu-
lation trough a functional connection between tau and Ca2+-
transporters has not yet been shown. In this work we have used kinetic
and immunological assays to look for a functional relationship between
tau and Ca2+-ATPases in adult and aged mouse brain, and also in
AD-affected human brain, in order to link Ca2 dyshomeostasis and tau
protein in aging and AD.
2. Material and methods
2.1. Materials
Biotinylated-calmodulin was from Calbiochem, Sulfo-NHS biotin
from ProteoChem and GenJuice transfection reagent from Novagen.
Tau protein used in this work was a recombinant tau protein expressed
in E. coli containing 2 N-terminal inserts and 4 microtubule binding re-
peats, that is usually named as tau 42 according to [32]. The anti-
SERCA2b and anti-SPCA1 polyclonal antibodies, and cDNA of SERCA2b
cloned in the pSV45 and SPCA1a cloned in the pMT2 plasmids were
kindly provided by Dr. F. Wuytack, (Katholieke Universiteit Leuven,
Belgium). The cDNA of PMCA4b cloned in pMT2 was kindly supplied
by Dr. E.E. Strehler (Mayo Clinic, USA). Monoclonal antibodies 5F10
(which recognizes all PMCA isoforms) was from Afﬁnity Bioreagents,
anti-β-tubulin from Sigma, AT8 (anti-phospho-tau) from Innogenetics,
Tau1 (anti-non-phospho tau) from Chemicon, Tau5 (anti-total tau)
from Calbiochem and anti-GAPDH from Santa Cruz Biotechnology.
Nine adult Swiss mice (3-month-old) and 9 aged mice (15-month-
old)were obtained from the Animal Facility at Universidad de Extrema-
dura (Badajoz, Spain). Adult and agedmice were anaesthetized and de-
capitated in accordance with the policies on the use of animals in
research. Each mouse's brain was sagitally divided into two halves;
one halfwas used to preparemembrane vesicles for biochemical studies
and blots and the other half was immediately ﬁxed for histochemical
analysis. Twelve samples of human tissues from medial frontal gyrus
of brains affected by AD (60-91 years old, Braak stages 5 and 6) and
eleven tissue samples from nondemented age-matched controls (60-
91 years old) were obtained from the Netherlands Brain Bank
(Amsterdam, The Netherlands).
2.2. Preparation of membranes
Membrane vesicles (MV) were prepared from adult or aged mice
brains, from postmortem human brain of normal and Alzheimer' dis-
ease affected donors or from overexpressing-COS cells, following the
protocol described by [33]. Brieﬂy, tissues were homogenized in
10 mM HEPES/KOH pH 7.4, 0.32 M sucrose, 0.5 mM MgSO4, 0.1 mM
phenylmethylsulfonyl ﬂuoride, 2 mM2-mercaptoethanol, and protease
inhibitor cocktail solution (Roche). The homogenatewas centrifuged for
10min at 1500×g, the resulting supernatantwas centrifuged for 45min
at 100 000×g and the ﬁnal pellet was resuspended in 10 mM HEPES/
KOH pH 7.4, 0.32 M sucrose and stored at −80 °C until use. The
resulting fraction (MV) contained a mixture of plasma and organellar
membranes. The protein contentwas evaluated by the Bradfordmethod
[34] using bovine serum albumin as a protein standard.
2.3. Over-expression of PMCA4b, SERCA2b y SPCA1a
COS cells were seeded in 100-mm culture plates at a density of
2.5 × 106 cells/plate and transfected usingGenJuice transfection reagent
with respective plasmids (see Materials). After incubation for 60 h at
37 °C in the presence of 5% CO2, cells were harvested from plates for
membrane vesicle preparation. High transfection efﬁciency and high
levels of protein overexpression were previously conﬁrmed respect totransfection with empty-plasmid by immunocytochemistry and
Western blot (not shown).
2.4. Ca2+-ATPase activity
Total Ca2+-ATPase activities or speciﬁc PMCA, SERCA and SPCA ac-
tivities were determined in MV by using a coupled enzymatic assay at
37 °C as described in [35]. Brieﬂy, the reaction was started with 1 mM
ATP, followed by addition of tau when required. Subsequent activity
measurements were done after independent additions of 100 nM
thapsigargin (to inhibit SERCA activity), 2 μM vanadate (to selectively
inhibit PMCAactivity) and 3mMEGTA (tomeasureMg2+-ATPase activ-
ity). The total Ca2+-ATPase activity was calculated after subtraction of
the Mg2+-ATPase activity to the activity obtained in the presence of
ATP. The SERCA activity was calculated by subtracting the activity mea-
sured in the presence of thapsigargin, which includes PMCA, SPCA, and
Mg2+-ATPase activities, from the total (Ca2+-Mg2+)-ATPase activity.
The SPCA activitywas calculated by subtracting theMg2+-ATPase activ-
ity from the activity in the presence of thapsigargin and vanadate; and
the PMCA activity was calculated by subtracting the Mg2+-ATPase and
SPCA activities from the ATPase activity in the presence of thapsigargin.
2.5. Tau and PMCA biotinylation
Tau biotinylationwas performed using a 15:1molar ratio of biotin to
tau (equivalent to 0.33 mol of biotin per lysine). Brieﬂy, a 0.01 mg/ml
stock solution of Sulfo-NHS biotin (ProteoChem) was freshly prepared
in 50 mM sodium bicarbonate buffer (pH 8.0). Then 0.22 μg of biotin
was mixed with 1.8 μg of tau and incubated in 200 μl ﬁnal volume for
2 h on ice. Free biotin was removed through a 30 kDa cut-off microcone
centrifuge ﬁlter (Millipore). PMCA biotinylation was carried by mixing
2.7 μg of freshly made biotin (0.1 mg/ml stock solution) with 22.5 μg
of puriﬁed pig brain PMCA [36] (38:1 molar ratio of biotin to PMCA,
equivalent to 0.33 mol of biotin per lysine) in 200 μl ﬁnal volume.
After 2 h incubation on ice free biotin was removed through a 50 kDa
cut-off microcone centrifuge ﬁlter.
2.6. Overlay binding assay
Puriﬁed PMCA and recombinant tau were subjected to a Dot blot or
to a 10% SDS-PAGE gel and transferred to nitrocellulose membranes.
After blocking with phosphate-buffered saline-1% Tween 20 (PBS-T),
containing 2% (w/v) low-fat milk for 1 h at RT and following several
washes with PBS-T, membranes were incubated for 2 h at 37 °C with
0.5 μg/μl biotinylated-tau (to detect PMCA) or with 0.3 μg/μl
biotinylated-PMCA in PBS-T in presence of 0.5 mM CaCl2 (to detect
tau). Following extensivewashing stepswith PBS-T to remove unbound
biotinylated proteins, the membranes were incubated with ExtrAvidin-
Peroxidase (1:2000, Sigma) in PBS-T for 1 h at RT. After washing, mem-
branes were developed with ECL substrate and signal was visualized
with a Chemidoc™ XRS + Imaging System (BioRad) and quantiﬁed
with Image Lab™ software 3.0 (BioRad).
2.7. Western blotting
Electrophoresis was performed in 10% (w/v) SDS-polyacrylamide
gels according to the method of [37]. Proteins (20 μg) were
electrotransferred to nitrocelullose membranes using a Trans-Blot SD
semidry system (Bio-Rad). After blocking in Tris-buffered saline (TBS)
containing 2% (w/v) of low-fat milk for 1 h, immunostaining reactions
were performed by incubating the membranes for 3 h at room temper-
ature or overnight at 4 °Cwith the following primary antibodies diluted
in TBS-0.05% (v/v) Tween 20: AT8 (1:500 dilution), Tau1 (1:1000),
5F10 (1:3000), anti-SERCA2b (1:1000), and anti-SPCA1 (1:1000).
Afterwards, membranes were incubated for 1 h at room temperature
with peroxidase-conjugated secondary antibodies (1:3000, Bio-Rad)
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body (1:1000) was used as control of protein loading. Protein bands
were visualized as mentioned above.
2.8. Histochemistry
Half of eachmousebrain sampleswereﬁxedby immersion in4% (w/v)
paraformaldehyde in PBS for 24 h at 4 °C. After rinsing with PBS, tissue
was cryo-protected in 10% (w/v) sucrose in PBS for 2 days, and then em-
bedded in 10% (w/v) gelatine, 10% (w/v) sucrose in PBS. The blocks
were frozen for 2 min in isopentane, cooled at−70 °C by dry ice, and
stored at−80 °C. Serial para-sagittal sections of 20 μmwere collected
on Super-Frost Plus slides using a cryostat Leica CM1900. Parafﬁn-
embedded human brain tissue sections were cut from blocks at 8 μm
thickness in a microtome Microcut H and dried at 37 °C until use.
Cresyl violet staining was carried out with a solution containing
0.01% cresyl violet, 0.01% thionin, 0.6% acetic acid, and 1.25% sodium ac-
etate during 5 min at 37 °C and differentiated with 80% ethanol and 2
drops of acetic acid. Sections were mounted with Eukitt. Alternatively,
several sections without staining were covered in FluorSave mounting
medium for observation of lipofuscin autoﬂuorescence in a Nikon
E600 microscope.
2.9. Immunohistochemistry
Cryostat or deparafﬁnized tissue sectionswere permeabilized by im-
mersion in PBS-0.05% (v/v) Triton X-100 (PBS-Tx) for 15 min. Endoge-
nous peroxidase activity was quenched with PBS-0.5% (v/v) H2O2 for
45min. Sections were blocked in a solution containing 0.2% (w/v) gela-
tin, 0.25% (v/v) Triton X-100 in PBS (PBS-G-Tx) and 0.1 M lysine for 1 h.
Afterwards, sections were incubated overnight at room temperature in
a humidiﬁed chamber with 5F10 (at 1:500 dilution), anti-SERCA2b
(1:500), anti-SPCA1 (1:500) or tau5 (1:500) primary antibodies diluted
in PBS-G-Tx. Sections were subsequently washed in PBS-Tx and incu-
bated with biotinylated goat anti-mouse or anti-rabbit antibodies
(1:200 dilution, Sigma) and then with ExtrAvidin-peroxidase (1:200,
Sigma). The immunodetection of peroxidase activity was carried out
using 0.03% (w/v) 3,3-diaminobenzidine tetrahydrochloride. Sections
were dehydrated and mounted with Eukitt for their observation under
the microscope.
2.10. Behavioural tests
Two tests were performed: in the Morris Water Maze [38], the
mouse was placed into a small pool (100 cm in diameter, 20 cm high)
half-ﬁlled with water to 10 cm in depth, which contained an escape
platformhidden a fewmillimetres below thewater surface. Colour sym-
bols as visual cues were placed around the pool in plain sight of the an-
imal. After starting the task,mouse swimed around the pool in search of
an exit and the time taken to reach the platformwas registered. The ex-
periment was performed in 2 steps; in the learning stage, after subse-
quent trials (1 per day for 6 days), mouse were able to locate the
platform increasingly rapidly. In the evaluation stage (day 7), platform
was hidden using coloured water, and time required to ﬁnd the plat-
form, as result of learning and memory relative to visual cues, was re-
corded. An Objects Recognition Test was also carried out according to
[39], in two steps: in the learning stage, the mouse was allowed to ex-
plore a box (55×35×20 cm) for 5 min, twice per day for 2 days. After
that, 2 equal objects (A1 y A2) were introduced in the box, and the
mouse was allowed to explore them for 5 min. In the testing phase,
one of the objects was changed to a new object different in shape and
colour (B). The mouse was introduced in the box and the time required
for recognizing objects (nose close to the object)was registered in order
to calculate a Memory Index (MI). The MI was deﬁned as the time re-
quired to recognize the new object B related to the time to recognize
A and B, in percentage (MI = (tB/tA + tB)×100). Both tests wereused for evaluation of spatial learning andmemory associated to hippo-
campal lesions.
2.11. Data processing and statistical analysis
Data are represented asmean±SE and signiﬁcant differences deter-
mined by an unpaired Student t-test using the SigmaPlot v10 software
(SPSS Inc., Chicago, IL). A value of p ≤ 0.01 was considered statistically
signiﬁcant.
3. Results
3.1. Aging and neurodegeneration-dependent impairment of plasma
membrane Ca2+- ATPase activity in the presence of tau protein
In order to determine if tau affects the functional properties of Ca2+
pumps and if this modulation is aging and/or neurodegeneration de-
pendent, Ca2+-ATPase activity assays were carried out in the presence
of tau on brain membrane vesicles from young adult (3-months-old)
and aged (15-months-old) mice (Fig. 1). As shown in Fig. 1A, tau
inhibited total Ca2+-ATPase activity in a concentration-dependentman-
ner in both, adult and aged-mice membranes. Solid lines represent a
single 3-parameter exponential decay equation ﬁt to the ATPase inhibi-
tion data. As can be seen, inhibition of ATPase activity by tauwas aging-
dependent, reachingmaximum inhibition levels of 53.2± 3 % and 34±
3% at 5 nM tau. The IC50 values (concentration producing half-
maximum inhibition) were 1.54 nM and 2.62 nM in adult and aged
mice membranes, respectively. A more selective assay (described in
the Methods section) was performed to measure the sensitivity of
each type of Ca2+ pump (PMCA, SERCA and SPCA) to tau (Fig. 1B). As
shown, only PMCA activity was signiﬁcantly inhibited by tau, being
this inhibition higher in adult than in aged-mice membranes. Experi-
ments were carried out with non-phosphorylated tau (non-P-tau), al-
though similar results were obtained with phosphorylated tau (P-tau)
(not shown).
As described elsewhere, tau is a biological marker of AD, a neurode-
generative disorder closely associated to aging. Therefore, functional ef-
fects of tau on Ca2+-transporters were also assayed in membrane
vesicles from human brains diagnosized with AD and age- (around
76-82 years old) and sex-matched controls. As shown (Fig. 2A), tau
also inhibited the Ca2+-ATPase activity in these membranes, in a
concentration-dependent manner, reaching a maximum 62.5% inhibi-
tion in both, control and AD membranes. Interestingly, the inhibition
proﬁle and pattern were similar in both membrane preparations.
Speciﬁc kinetic assays (Fig. 2B) showed that plasma membrane Ca2+-
ATPase activity was exclusively inhibited by tau. Although non P-Tau
was used in these experiments, the PMCA activity was equally reduced
in the presence of P-tau (results not shown). The effect of tau was also
analyzed in membranes from control and AD human brains samples of
different age groups (60 and 91 years). As shown (Fig. 3A) in control
membranes the maximal inhibitory effect of tau on Ca2+-ATPase activ-
itywas lower in the oldest group, as found in adult and agedmicemem-
branes, whereas AD samples exhibited an age-independent inhibition of
ATPase activity by tau (Fig. 3B). Similar age-related changes in the
regulation of PMCA activity by tau were also found in other species,
e.g. chicken at hatching (P0) respect to 7 months-old (Fig. S1).
The speciﬁc inhibition of the plasma membrane Ca2+-ATPase activ-
ity by tau was conﬁrmed by performing similar kinetic assays with
membrane vesicles from COS cells overexpressing PMCA, SERCA or
SPCA (Fig. 4A). Only PMCA activity was inhibited by tau, as obtained
in mice membranes, being this inhibition dependent on tau concentra-
tion (results not shown). Besides, the presence of 7.5 nM tau on PMCA
activity measured as a function of Ca2+ concentrations did not show
any signiﬁcant effect on the Ca2+-dependence of ATPase activity
(Fig. 4B). The Kact values estimated in the presence and absence of
tau were about 0.19 μM, albeit the Vmax value was around 41% lower
Fig. 1.Effect of tau onCa2+-ATPase activity inmembrane vesicles of adult and agedmice brain. A) The total Ca2+-ATPase activitywasmeasured in 10 μg ofMV from adult (○) and aged (●)
mice brain as described inMethods, in the presence of the indicated concentrations of tau. B) The total Ca2+-ATPase activity and speciﬁc PMCA, SERCA and SPCA activities were assayed in
10 μg of MV from adult (white bars) and aged (grey bars) mice brain in the absence (empty bars) and presence (dashed bars) of 7.5 nM tau. Data are mean ± SE values obtained from 6
experiments performed in 3 adult and 3 aged mice preparations.
1468 M. Berrocal et al. / Biochimica et Biophysica Acta 1852 (2015) 1465–1476in the presence (0.42 ± 0.03 μmol.min−1.mg−1) than in the absence
(0.71 ± 0.03 μmol.min−1.mg−1) of tau.
To test for a possible interaction between tau and PMCA we per-
formed binding studies by Dot-blot overlay immunoassays. Thus, puri-
ﬁed PMCA, recombinant tau and BSA were spotted onto nitrocellulose
membrane and overlaid with tau (Fig. 5A). Later incubation with an
anti-tau antibody revealed a positive tau-PMCA binding. Tau and BSA
were also spotted as positive and negative controls, respectively. Alter-
native overlay assays were also done after SDS-PAGE separation of pro-
teins and transfer to nitrocellulose membrane. PMCA and tau were
overlaid with biotinylated-PMCA or biotinylated-tau, respectively and
interactions were visualized with ExtrAvidin-peroxidase. Fig. 5B clearlyFig. 2. Effect of tau onCa2+-ATPase activity inmembrane vesicles fromAlzheimer's disease (AD)
measured in 20 μg ofMV from Ctr (○) and AD (●) brain, as described inMethods, in the presen
assayed in 20 μg of MV from Ctr (white bars) and AD (grey bars) human brain in the absence (e
from 6 experiments performed in membrane fractions obtained from AD cases (n = 7) and agshows binding of biotinylated-tau to ~130 kDa PMCA and biotinylated-
PMCA to ~60 kDa tau.
3.2. Age-related morphological changes in mice hippocampal regions
In order to analyze and compare brains of adult- and aged-mice used
in this study, histological assays were performed. Age-related changes
were observed mainly in the hippocampus (Fig. 6), while no signiﬁcant
changeswere observed in other areas such as cerebral cortex or cerebel-
lum (results not shown). Cresyl violet staining in hippocampus (Fig. 6A)
showed a narrowing of the pyramidal cell layer of the CA1 region of the
Ammon´s horn in agedmice compared to the same region in adult mice.and age-matched control (Ctr) human brain tissues. A) The total Ca2+-ATPase activitywas
ce of the indicated concentrations of tau. B) Speciﬁc PMCA, SERCA and SPCA activities were
mpty bars) and presence (dashed bars) of 7.5 nM tau. Data are mean± SE values obtained
e-matched controls (n = 6).
Fig. 3. Effect of tau on Ca2+-ATPase activity in membranes from control (Ctr) and AD
affected human brain samples at different ages. The total Ca2+-ATPase activity was
measured in 20 μg of MV from Ctr and AD human brain tissue from individuals aged
60 (○) and 91 (●), as described in Methods, in the presence of the indicated concentra-
tions of tau. The 100% activity values correspond to 0.302 ± 0.010 and 0.363 ±
0.010 μmol.min−1.mg−1, for 60 and 91 years old control membranes respectively, and
0.409±0.010 and 0.408±0.010 μmol.min−1.mg−1, for 60 and 91 years old ADmembranes
respectively. Data represent means ± SE values of 6 experiments performed with different
membrane preparations obtained fromAD cases (n=4) and age-matched controls (n=4).
Fig. 4. (A) Effect of tau on Ca2+-ATPase activities of overexpressed hPMCA4b, SERCA2b
and SPCA1 in COS cells. The Ca2+-ATPase activity was measured in 10 μg of MV from
COS cells overexpressing hPMCA4b, SERCA2b and SPCA1 as described in Methods, in the
absence (white bars) and the presence (grey bars) of 7.5 nM tau. Data are mean ± SE
values obtained from5 experiments performed in 4 preparations. The 100% activity values
correspond to 0.32 ± 0.015, 0.088 ± 0.010 and 0.33 ± 0.040 μmol.min−1.mg−1, respec-
tively, in the absence of tau. (B) Effect of tau on the Ca2+ dependence of ATPase activity
of overexpressed hPMCA4b. The activity was measured in 10 μg of membranes, in the ab-
sence (○) or presence (●) of 7.5 nM tau, as described in the Methods. Free Ca2+ concen-
tration, expressed as pCa, was adjusted by the appropriated addition of BAPTA. Data
represent mean ± SE values from four experiments and with two different preparations.
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probably as a result of its acidiﬁcation during degeneration. Detection of
autoﬂuorescence by the presence of lipofuscin pigments, also known as
age-pigments, showed a remarkable increase also in the CA1 region of
aged mice compared to no signal in adult mice (Fig. 6B). To correlate
these histological changes in hippocampus with functional defects,
memory tests were performed. Fig. 6C shows results obtained with
the Morris Water Maze task, widely used to measure hippocampal-
dependent learning and memory. After 6 days of learning stage, the
mice behaviour was evaluated on day 7. As shown, aged-mice required
more time to reach the platform (Fig. 6C). Additionally, an object recog-
nition test revealed that adult mice spent signiﬁcantlymore time recog-
nizing the novel object, whereas aged mice failed to distinguish
between old and new objects, as can be seen by a signiﬁcant reduction
in the memory index (Fig. 6D), conﬁrming hippocampal alterations.
Considering that tau aggregation and Ca2+ dyshomeostasis are hall-
marks of aging and aging-related neurodegerative disorders, we ana-
lyzed in adult and aged mice the expression of tau and the three
families of Ca2+ pumps, highly involved in the maintenance of optimal
cytosolic Ca2+ concentration. Immunohistochemical studies were per-
formed in the CA1 region of the hippocampus, the most affected area
by aging and AD (Fig. 6E). In adult mice, Tau 5 antibody (that recognizes
total tau) showed tau expression in the neuropil of CA1, while in aged
mice it was highly concentrated in the soma of pyramidal cells of CA1.
Neither histological changes nor differences in tau expression were
signiﬁcantly detected in the CA2 region by aging (results not shown).
The localization and expression of the three families of Ca2+-ATPases
PMCA, SERCA and SPCA were not altered by aging.Differences with respect to histology, lipofuscin content and expres-
sion of tau and Ca2+-ATPases were also analyzed in control and AD-
affected human brains used in this study (Fig. 7). While no signiﬁcant
differences were observed after haematoxylin staining (Fig. 7A), visual-
ization of lipofuscin-associated autoﬂuorescence showed to some ex-
tent an increase in AD brains with respect to control tissue (Fig. 7B).
Immunohistochemistry assays with Tau5 revealed localization of tau
in the cytoplasm of pyramidal cells soma in control groups and in neu-
roﬁbrillary tangles in AD tissues (see magniﬁcations of tau staining).
Concerning to ATPases distribution (Fig. 7C), PMCA protein showed its
typical localization in the plasma membrane in pyramidal cells and in
the neuropil whereas SERCA2b and SPCA1 proteins were found in the
somatic cytoplasm of these cells, in accordance to intracellular ATPases
distribution in endoplasmic reticulum and Golgi complexes, respective-
ly (as it has been reported in other species). No signiﬁcant changes in
the expression of these pumps were found in AD-affected tissue.
3.3. Tau and Ca2+-ATPases content in membrane vesicles of adult and aged
mice brains and in AD and control human brains
Western blots were used to determine expression levels of non-P-
tau and P-tau (Fig. 8A), and Ca2+-ATPases (Fig. 8B) in adult and aged
Fig. 5. Tau and PMCA interaction. (A) Dot blot assay: pig brain puriﬁed PMCA, recombinant tau and BSAwere applied onto a nitrocellulosemembrane at the indicated amounts (μg). After
blocking and washing, the membrane was incubated for 2 h at 37 °C with 0.18 μg of tau, followed by several washes to remove unbound tau and overnight incubation at 4 °C with Tau5
antibody (1:1000), which binds to total tau. The presence of bound tau was detected by chemiluminiscence. (B) Five μg of pig brain PMCA (lane 1) or 2.5 μg of recombinant tau
(lane 2) were subjected to 10% SDS-PAGE and subsequently transferred onto nitrocellulose membranes and incubated with biotinylated-tau (b-Tau) or biotinylated-PMCA (b-PMCA)
as indicated in Methods (lanes 1 and 2, respectively). After washing away unbound protein, membranes were incubated with ExtrAvidin-Peroxidase and binding was detected by
chemiluminescence.
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non P-tau (probed with Tau1 antibody) were almost the same in both
adult and aged groups, while aged mice showed a signiﬁcant increase
in P-tau levels (81 ± 6%, probed with AT8 antibody) compared to
adult mice. Conversely, the estimation of Ca2+-ATPases content using
antibodies against PMCA, SERCA and SPCA (Fig. 8B) showed an age-
independent expression of the three families of Ca2+pumps. Expression
levels of tau and ATPaseswere also evaluated byWestern blots inmem-
brane vesicles from human brains affected by AD and aged-matched
controls (Fig. 9). Levels of non P-tau (Fig. 9A) were about 65.2 ± 10%
higher in control than in AD-affected brains, while P-tau content was
barely detectable in control samples and highly expressed in AD mem-
branes (85± 15% increase in ADwith respect to control brain samples).
On the other hand,Western blots performedwith ATPases speciﬁc anti-
bodies (Fig. 9B) showed that PMCA was less abundant in membrane
vesicles from AD-affected brain than inmatched controls, while expres-
sion levels of intracellular ATPases did not change with neurodegenera-
tion. In addition to this, we have seen that there are differences among
human control samples regarding the aging status, showing that non P-
tau content was independent of age while P-tau levels appear to be in-
creased in the oldest group (Fig. S2). This is in agreement with our pre-
viously mentioned results in mice.
4. Discussion
This study describes a novel inhibition of PMCA pump by tau, a pro-
tein that in its aberrant state is actively involved in neurodegenerative
processes and aging. Besides, the percentage of inhibition seems to be
aging- but not neurodegeneration-dependent.
We did not ﬁnd signiﬁcant age or neurodegeneration-dependent
changes in PMCA activity, neither in SERCA nor in SPCA, but we
observed a speciﬁc decline of PMCA activity by both, P-tau and non
P-tau. This functional effect, which is probably due to intermolecular in-
teractions, as shown by overlay assays, could reﬂect a protein-protein
interaction under physiological but also under pathological conditions.
The presence of tau had no signiﬁcant effect on the Ca2+ dependence
of PMCA activity, suggesting that tau did not affect the afﬁnity of
PMCA for Ca2+. Similarly, other PMCA inhibitors, such as spermine
[40] and thioridazine [41] had no effect on the afﬁnity of the ATPase
for Ca2+.
Although tau is a cytosolic protein, several studies have reported
that it may interact with the plasma membrane [42–45]. We have also
seen tau localization close to the plasma membrane in mice and
human tissues used in the present work (result not shown). Besides,
it has been shown that tau is also present in lipid rafts [46], cell surface
microdomains which also associate to PMCA [47–49]. All theaforementioned results support a tau-PMCA interaction. As previously re-
ported PMCA activity is inhibited byAβ, a peptide that clumps to form the
senile plaques, while intracellular Ca2+ pumps are not affected [21,22].
Therefore, the plasma membrane Ca2+-ATPase can be functionally mod-
ulated bymolecular components of the two pathological hallmarks of AD
associated with memory impairment [50]. Further studies are being un-
dertaken to go in depth into Aβ, tau and PMCA functional relationship.
It is worth to note that tau showed more afﬁnity for PMCA in adult
than in aged mice, as in youngest human membranes when compared
to the oldest samples not affected by AD. Thus, a 30-year age difference
was a wide enough age gap to ﬁnd a different inhibitory effect of tau on
PMCA in control human brain membranes. However, the PMCA inhibi-
tion pattern by tau was similar in the AD group independently of the
age. Considering all this togetherwe can conclude that the inhibitory ef-
fect of tau on PMCA increases with cognitive decline associated to nor-
mal aging, but it seems to be independent of cognitive decline and
other neurodegenerative processes linked to AD pathology.
The differential effect of tau with aging could be explained by the
fact that either, PMCA or its membrane environment, may present
age-related structural changes that make PMCA less sensitive to its
inhibition by tau. Several reports have shown that PMCA and its
endogenous activator calmodulin are very susceptible to oxidative
stress with aging [51,52]. Also, calmodulin content was signiﬁcantly re-
duced in AD affected brains [53]. On the other hand, increase of
hyperphosphorylated tau protein is linked to the formation of NFTs,
which could affect functional PMCA-tau interaction. Besides, mem-
branes from aged mice or from the oldest healthy human samples
were less sensitive to tau inhibition. This could be due to the higher
P-tau content already present in these tissues, which could be responsi-
ble for partial PMCA activity inhibition before exogenous tauwas added
to the assay.
Intriguingly tau inhibition proﬁle found in AD membranes was sim-
ilar to that found in control oldest human membranes. This suggests
that somehow the molecular mechanisms involved in AD lead to struc-
tural and/or conformational changes in the enzyme to a state with sim-
ilar afﬁnity for tau, independently of age.
Although further experiments are required in order to elucidate the
PMCA inhibition mechanisms mediated by tau, we could speculate that
PMCA-tau binding involve electrostatic interactions. Indeed, tau is neg-
atively charged in both, N- and C-terminus and positively charged in the
microtubule binding domain. It has been reported that tau interacts
with the neural plasma membrane through its amino-terminal projec-
tion domain, being a mediator of microtubule-plasmamembrane inter-
actions [42,43]. Likewise, taumay use the N-terminus to interact trough
the plasma membrane with PMCA. On the other hand, given the ionic
nature of the transport ligands Ca2+ and H+, the substrates Mg2+ and
Fig. 6. Effect of aging on the morphology and lipofuscin ﬂuorescence of mice hippocampus and memory tests. Immunolocalization of tau and Ca2+-ATPases. Criostat sections of
hipoccampus were analyzed by cresyl violet staining (A) and lipofuscin-associated autoﬂuorescence (B). MorrisWater Maze (C) and Objects Recognition (D) tests were performed as in-
dicated inMethods. (E) Hippocampal CA1 sections of adult and aged-mice were stained with Tau5 (that recognizes phosphorylated and non-phosphorylated Tau), 5F10 (that recognizes
all PMCA isoforms), a-SERCA2b and a-SPCA1 antibodies. pcl: pyramidal cell layer; so: stratum oriens; sr: stratum radiatus. Scale bar: 15 μm.
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Fig. 7. Effect of neurodegeneration on the morphology and lipofuscin ﬂuorescence and immunolocalization of tau and Ca2+-ATPases in control and Alzheimer´s disease affected human
brain. Parafﬁn sections of medial frontal gyrus of control (Ctr) and AD-affected human brain tissues were analyzed by haematoxylin staining (A) and lipofuscin-associated autoﬂuores-
cence (B). No signiﬁcant differences in histologywere observed between Ctr and AD brain tissues, while lipofuscin autoﬂuorescence levelswere slightly higher in AD. Immunohistochem-
istries (C) were performed in similar sections with Tau5 (that recognizes total tau), 5F10 (that recognizes all PMCA isoforms), a-SERCA2b and a-SPCA1 antibodies. Scale bar: 15 μm.
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cant role in PMCA reaction. An important manifestation of electrostatic
interactions is the ionic strength dependence. Therefore this can beexploited to shed light into the nature of PMCA-tau interaction. If we as-
sume that PMCA-tau binding is trough ionic interactions, the inhibitory
effect of tau on PMCA activity would be expected to decrease by
Fig. 8. Levels of non-phosphorylated tau (non-P-Tau), phosphorylated tau (P-Tau), and Ca2+-ATPases (PMCA, SERCA2b and SPCA1) inmembrane vesicles of adult and aged mouse brain.
MV (20 μg) from adult and agedmicewere subjected toWestern blot as described inMethods. The blotswere probedwith Tau-1 and AT8 antibodies to identify the presence of non-P-Tau
and P-Tau, respectively (A) andwith 5F10, a-SERCA2b, and a-SPCA1antibodies to detect levels of the 3 families of ATPases (B). RepresentativeWestern blots are shown. Protein levelswere
quantiﬁed relative to GAPDH expression to correct for loading differences (data are shown asmean± SE relative values (arbitrary units) obtained from 2-4 blots performed in 9 different
preparations of each group).
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ible. This is what we observed when activity assays were done at in-
creasing salt concentrations (see Fig. S3). Consequently we may
suggest an ionic nature for PMCA-tau interaction. This binding seems
to be reversible, since salt can affect the interaction between water
and protein side chains or backbone by masking charged residues
which are important for PMCA-tau binding. Besides, we suggest that
tau binding site on PMCA may be located somewhere at its C-terminal
cytosolic domain, and that it may involve the calmodulin binding do-
main or another domain close to it. Thus, overlay assays with
biotynilated-calmodulin on PMCApreviously incubatedwith increasing
concentration of tau shows (Fig. S4) that calmodulin binding to PMCA
becomes weaker when the pump is previously preincubated with in-
creasing concentrations of tau. Current functional studies are being un-
dertaken in order to elucidate tau inhibitory mechanism.
Neural aging is a physiological condition in life characterized by dif-
ferent processes, includingmemory and orientation problems.We have
conﬁrmed by behavioral tests that agedmice used in this study showed
cognitive impairments and histological changes associated with aging,
mainly in hippocampus. These results are in agreementwith other stud-
ies which have reported a ﬁne correlation betweenmemory defects and
hippocampus alteration [54,55]. In fact, rats with damage in ﬁmbria ordentate gyrus did not show good results in the Morris test [38,56].
Similar correlation was found using tests in human patients [57]. We
used cresyl violet staining as a routine technique to analyze neural
tissue [58,59], especially in neurodegenerative processes which involve
an acidiﬁcation of cytoplasm as a consequence of altered cellular ion
homeostasis which implies different dye afﬁnity. Results showed hippo-
campal degeneration of these aged-mice mainly in the pyramidal cell
layer of CA1 and dentate gyrus. It has been reported that CA1 cells are
especially sensitive to neurotoxic agents decreasing sensitivity in CA2
and CA3 [60–62], which could explain the reduced effect observed in
these areas with aging. Dentate gyrus as well showed changes with
aging, being an area that is also affected in age-related diseases such
as tauopaties [63]. Both regions showed an increase in lipofuscin ﬂuo-
rescence, a hallmark of normal senescence [64,65] and symptomatic of
numerous age-related diseases, including AD [64,66]. Changes in tau lo-
calization were observed in both mice and human samples, in accor-
dance to the involvement of this protein in aging and AD, albeit we
did not observe any evident histological changes or lipofuscin increase
in AD sampleswith respect to age-matched controls. Indeed, tauwas lo-
calized in the soma of pyramidal cells in aged mice, and in neuroﬁbril-
lary tangles in AD-affected human samples. A differential distribution
of tau in neurons has been described depending on its phosphorylation
Fig. 9. Levels of non-phosphorylated tau (non-P-Tau), phosphorylated tau (P-Tau), and Ca2+-ATPases (PMCA, SERCA2b and SPCA1) inmembrane vesicles of control (Ctr) and Alzheimer´s
disease-affected human brain (AD). MV (20 μg) were subjected to Western blot as described in Methods. The membranes were probed with Tau-1 and AT8 antibodies to identify the
presence of non-P-Tau and P-Tau, respectively (A) and with 5F10, a-SERCA2b, and a-SPCA1 antibodies to detect levels of the 3 families of ATPases (B). Representative Western blots
are shown. Quantiﬁcation of proteins relative to GAPDH levels are shown as mean ± SE relative values (arbitrary units) obtained from 2-4 experiments performed in 9 different
preparations of each group.
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the axon, and phosphorylated tau being present in the somatodendritic
compartment [67], which is in accordance with our results.
As we have shown, expression levels of non P-tau seem to be age-
independent, both in mice and human control samples. However,
P-tau levels increased with aging and neurodegeneration. Similar re-
sults have been reported by [68] in aged mice and could be related to
the reported accumulation of abnormally hyperphosphorylated tau in
AD human brain [69,70] that could be either associated to age-related
decrease in levels and activity of protein phosphatase 2a [71–73] and
see reviews [74,75] or to an increase in GSK3β activity [76–78]. In fact,
experiments withmice overexpressing GSK-3β have shown an increase
of phosphorylated tau especially in hippocampus [79], the regionwhere
we observed a more concentrated localization of tau linked to age-
related degeneration in mice. Western blots revealed that AD samples
contained signiﬁcant levels of P-tau whereas only traces of P-tau were
detected in membranes from control cases, as previously found in
[80]. Similar proﬁles were also observed by [81] and [82].
Emerging studies have associated aging related disorders with in-
creased resting levels of intracellular Ca2+ that lead to neuronal loss
[83,84]; see review [85]. However, evidences are mainly focused in
Ca2+ inﬂux trough the plasma membrane (from NMDAR, L-VGCC orSOC channels [86]) or the endoplasmic reticulum (from InsP3R and
RyanR (reviewed in [87,88])), but do not pay particular attention to
Ca2+ extrusion mechanisms. Considering the key role that Ca2+
pumps play in Ca2+ extrusionmechanisms due to their high Ca2+ afﬁn-
ity, we analyzed Ca2+-pumps with respect to neurodegeneration in
aging mice or to neuropathology in AD human tissue. However our
data did not showdifferences in termsof distribution although a speciﬁc
reduction in PMCA protein levels associated to neurodegeneration was
observed in AD-affected membranes, and interestingly, only the Ca2+-
ATPase activity coupled to PMCA could be inhibited by tau in a
concentration-dependent manner.
5. Conclusions
In summary, our data provide the ﬁrst evidence that tau protein acts
as a PMCA inhibitor by directly interacting with this Ca2+-transporter.
Besides, the inhibitory effect of tau on PMCA activity is aging dependent
in animal species and control humanmembranes but not in AD-affected
humanmembranes. Overall, these results lead to consider PMCA-tau an
interaction that deregulates intracellular Ca2+ levels. Further work
needs to be done in order to elucidate these differences, since looking
for molecular sites of interactions could make PMCA a target for
1475M. Berrocal et al. / Biochimica et Biophysica Acta 1852 (2015) 1465–1476development of therapeutic approaches to AD and other tau-related
pathologies.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbadis.2015.04.007.
Transparency Document
The Transparency Document associated with this article can be
found, in the online version.
Acknowledgments
We thank Raquel Cuadros (Centro de Biología Molecular “Severo
Ochoa”, Madrid, Spain) for the preparation of tau. This work was sup-
ported by Grants BFU2011-23313 from Ministerio de Economía y
Competitividad and Fundación Marcelino Botín (to A.M.M.), Junta de
Extremadura and FEDER. The authors have no conﬂict of interest.
References
[1] J.H. Morrison, P.R. Hof, Life and death of neurons in the aging brain, Science 278
(1997) 412–419.
[2] J. Avila, Tau protein, the main component of paired helical ﬁlaments, J. Alzheimers
Dis. 9 (2006) 171–175.
[3] E.M. Mandelkow, J. Biernat, G. Drewes, N. Gustke, B. Trinczek, E. Mandelkow, Tau
domains, phosphorylation, and interactions with microtubules, Neurobiol. Aging
16 (1995) 355–362 (discussion 362–353).
[4] I. Grundke-Iqbal, K. Iqbal, M. Quinlan, Y.C. Tung, M.S. Zaidi, H.M. Wisniewski,
Microtubule-associated protein tau. A component of Alzheimer paired helical
ﬁlaments, J. Biol. Chem. 261 (1986) 6084–6089.
[5] Z.S. Khachaturian, Calcium hypothesis of Alzheimer's disease and brain aging, Ann.
N. Y. Acad. Sci. 747 (1994) 1–11.
[6] E.C. Toescu, A. Verkhratsky, The importance of being subtle: small changes in calcium
homeostasis control cognitive decline in normal aging, Aging Cell 6 (2007) 267–273.
[7] O. Thibault, J.C. Gant, P.W. Landﬁeld, Expansion of the calcium hypothesis of brain
aging and Alzheimer's disease: minding the store, Aging Cell 6 (2007) 307–317.
[8] D. Murchison, W.H. Grifﬁth, Calcium buffering systems and calcium signaling in
aged rat basal forebrain neurons, Aging Cell 6 (2007) 297–305.
[9] S. Kirischuk, A. Verkhratsky, Calcium homeostasis in aged neurones, Life Sci. 59
(1996) 451–459.
[10] M.J. Berridge,M.D. Bootman, H.L. Roderick, Calcium signalling: dynamics, homeostasis
and remodelling, Nat. Rev. Mol. Cell Biol. 4 (2003) 517–529.
[11] J.A. Hartigan, G.V. Johnson, Transient increases in intracellular calcium result
in prolonged site-selective increases in Tau phosphorylation through a glycogen
synthase kinase 3beta-dependent pathway, J. Biol. Chem. 274 (1999) 21395–21401.
[12] W.R. Markesbery, Neuropathological criteria for the diagnosis of Alzheimer's
disease, Neurobiol. Aging 18 (1997) S13–19.
[13] C. Ballatore, V.M. Lee, J.Q. Trojanowski, Tau-mediated neurodegeneration in
Alzheimer's disease and related disorders, Nat. Rev. Neurosci. 8 (2007) 663–672.
[14] I. Bezprozvanny, M.P. Mattson, Neuronal calciummishandling and the pathogenesis
of Alzheimer's disease, Trends Neurosci. 31 (2008) 454–463.
[15] M.J. Berridge, Calcium signalling and Alzheimer's disease, Neurochem. Res. 36
(2010) 1149–1156.
[16] B. Brawek, O. Garaschuk, Network-wide dysregulation of calcium homeostasis in
Alzheimer's disease, Cell Tissue Res. 357 (2014) 427–438.
[17] N. Arispe, H.B. Pollard, E. Rojas, Giant multilevel cation channels formed by
Alzheimer disease amyloid beta-protein [A beta P-(1-40)] in bilayer membranes,
Proc. Natl. Acad. Sci. U. S. A. 90 (1993) 10573–10577.
[18] R.J. Mark, J.N. Keller, I. Kruman, M.P. Mattson, Basic FGF attenuates amyloid beta-
peptide-induced oxidative stress, mitochondrial dysfunction, and impairment of
Na+/K+ -ATPase activity in hippocampal neurons, Brain Res. 756 (1997) 205–214.
[19] F.G. De Felice, P.T. Velasco, M.P. Lambert, K. Viola, S.J. Fernandez, S.T. Ferreira, W.L.
Klein, Abeta oligomers induce neuronal oxidative stress through an N-methyl-D-
aspartate receptor-dependent mechanism that is blocked by the Alzheimer drug
memantine, J. Biol. Chem. 282 (2007) 11590–11601.
[20] A. Demuro, E. Mina, R. Kayed, S.C. Milton, I. Parker, C.G. Glabe, Calcium dysregulation
and membrane disruption as a ubiquitous neurotoxic mechanism of soluble
amyloid oligomers, J. Biol. Chem. 280 (2005) 17294–17300.
[21] M. Berrocal, D. Marcos, M.R. Sepulveda, M. Perez, J. Avila, A.M. Mata, Altered Ca2+
dependence of synaptosomal plasma membrane Ca2+-ATPase in human brain af-
fected by Alzheimer's disease, FASEB J. 23 (2009) 1826–1834.
[22] M. Berrocal, M.R. Sepulveda, M. Vazquez-Hernandez, A.M. Mata, Calmodulin antag-
onizes amyloid-beta peptides-mediated inhibition of brain plasma membrane
Ca(2+)-ATPase, Biochim. Biophys. Acta 1822 (2012) 961–969.
[23] K.N. Green, A. Demuro, Y. Akbari, B.D. Hitt, I.F. Smith, I. Parker, F.M. LaFerla, SERCA
pump activity is physiologically regulated by presenilin and regulates amyloid
beta production, J. Cell Biol. 181 (2008) 1107–1116.
[24] A.M.Mata, M.R. Sepulveda, Calcium pumps in the central nervous system, Brain Res.
Brain Res. Rev. 49 (2005) 398–405.[25] P. Vangheluwe, M.R. Sepulveda, L. Missiaen, L. Raeymaekers, F. Wuytack, J.
Vanoevelen, Intracellular Ca2+- and Mn2+-transport ATPases, Chem. Rev. 109
(2009) 4733–4759.
[26] S.L. Mironov, Plasmalemmal and intracellular Ca2+ pumps as main determinants of
slow Ca2+ buffering in rat hippocampal neurones, Neuropharmacology 34 (1995)
1123–1132.
[27] M.R. Sepulveda, M. Hidalgo-Sanchez, A.M. Mata, Localization of endoplasmic reticu-
lum and plasma membrane Ca2+-ATPases in subcellular fractions and sections of
pig cerebellum, Eur. J. Neurosci. 19 (2004) 542–551.
[28] M.R. Sepulveda, J. Vanoevelen, L. Raeymaekers, A.M. Mata, F. Wuytack, Silencing
the SPCA1 (secretory pathway Ca2+-ATPase isoform 1) impairs Ca2+ homeostasis in
the Golgi and disturbs neural polarity, J. Neurosci. 29 (2009) 12174–12182.
[29] R. Ficarella, F. Di Leva, M. Bortolozzi, S. Ortolano, F. Donaudy, M. Petrillo, S.
Melchionda, A. Lelli, T. Domi, L. Fedrizzi, D. Lim, G.E. Shull, P. Gasparini, M. Brini, F.
Mammano, E. Carafoli, A functional study of plasma-membrane calcium-pump
isoform 2 mutants causing digenic deafness, Proc. Natl. Acad. Sci. U. S. A. 104 (2007)
1516–1521.
[30] L. Missiaen, W. Robberecht, L. van den Bosch, G. Callewaert, J.B. Parys, F. Wuytack, L.
Raeymaekers, B. Nilius, J. Eggermont, H. De Smedt, Abnormal intracellular ca(2+)ho-
meostasis and disease, Cell Calcium 28 (2000) 1–21.
[31] J. Lehotsky, P. Kaplan, R. Murin, L. Raeymaekers, The role of plasmamembrane Ca2+
pumps (PMCAs) in pathologies of mammalian cells, Front. Biosci. 7 (2002) d53–84.
[32] M. Goedert, R. Jakes, Expression of separate isoforms of human tau protein: correla-
tion with the tau pattern in brain and effects on tubulin polymerization, EMBO J. 9
(1990) 4225–4230.
[33] M.R. Sepulveda, M. Hidalgo-Sanchez, A.M. Mata, A developmental proﬁle of the
levels of calcium pumps in chick cerebellum, J. Neurochem. 95 (2005) 673–683.
[34] M.M. Bradford, A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding, Anal. Biochem.
72 (1976) 248–254.
[35] M.R. Sepulveda, M. Berrocal, D. Marcos, F. Wuytack, A.M. Mata, Functional and
immunocytochemical evidence for the expression and localization of the secretory
pathway Ca2+ -ATPase isoform 1 (SPCA1) in cerebellum relative to other Ca2+
pumps, J. Neurochem. 103 (2007) 1009–1018.
[36] J.M. Salvador, A.M. Mata, Puriﬁcation of the synaptosomal plasma membrane
(Ca(2+) + Mg(2+))-ATPase from pig brain, Biochem. J. 315 (Pt 1) (1996) 183–187.
[37] U.K. Laemmli, Cleavage of structural proteins during the assembly of the head of
bacteriophage T4, Nature 227 (1970) 680–685.
[38] R.G. Morris, P. Garrud, J.N. Rawlins, J. O'Keefe, Place navigation impaired in rats with
hippocampal lesions, Nature 297 (1982) 681–683.
[39] A. Ennaceur, J. Delacour, A new one-trial test for neurobiological studies of memory
in rats. 1: Behavioral data, Behav. Brain Res. 31 (1988) 47–59.
[40] J. Palacios, M.R. Sepulveda, J.M. Salvador, A.M. Mata, Effect of spermine on the
activity of synaptosomal plasma membrane Ca(2+)-ATPase reconstituted in
neutral or acidic phospholipids, Biochim. Biophys. Acta 1611 (2003) 197–203.
[41] J. Palacios, M.R. Sepulveda, A.G. Lee, A.M. Mata, Ca2+ transport by the synaptosomal
plasma membrane Ca2+ -ATPase and the effect of thioridazine, Biochemistry 43
(2004) 2353–2358.
[42] R. Brandt, J. Leger, G. Lee, Interaction of tau with the neural plasma membrane me-
diated by tau's amino-terminal projection domain, J. Cell Biol. 131 (1995) 1327–1340.
[43] M. Arrasate, M. Perez, J. Avila, Tau dephosphorylation at tau-1 site correlates with its
association to cell membrane, Neurochem. Res. 25 (2000) 43–50.
[44] T. Maas, J. Eidenmuller, R. Brandt, Interaction of tau with the neural membrane
cortex is regulated by phosphorylation at sites that are modiﬁed in paired helical
ﬁlaments, J. Biol. Chem. 275 (2000) 15733–15740.
[45] A.M. Pooler, A. Usardi, C.J. Evans, K.L. Philpott, W. Noble, D.P. Hanger, Dynamic asso-
ciation of tauwith neuronal membranes is regulated by phosphorylation, Neurobiol.
Aging 33 (431) (2012) e427–438.
[46] T. Kawarabayashi, M. Shoji, L.H. Younkin, L. Wen-Lang, D.W. Dickson, T. Murakami,
E. Matsubara, K. Abe, K.H. Ashe, S.G. Younkin, Dimeric amyloid beta protein rapidly
accumulates in lipid rafts followed by apolipoprotein E and phosphorylated tau
accumulation in the Tg2576 mouse model of Alzheimer's disease, J. Neurosci. 24
(2004) 3801–3809.
[47] M.R. Sepulveda, M. Berrocal-Carrillo, M. Gasset, A.M. Mata, The plasma membrane
Ca2+-ATPase isoform 4 is localized in lipid rafts of cerebellum synaptic plasma
membranes, J. Biol. Chem. 281 (2006) 447–453.
[48] L. Jiang, M.D. Bechtel, N.A. Galeva, T.D. Williams, E.K. Michaelis, M.L. Michaelis,
Decreases in plasma membrane Ca(2)(+)-ATPase in brain synaptic membrane
rafts from aged rats, J. Neurochem. 123 (2012) 689–699.
[49] L. Jiang, D. Fernandes, N. Mehta, J.L. Bean, M.L. Michaelis, A. Zaidi, Partitioning of the
plasma membrane Ca2+-ATPase into lipid rafts in primary neurons: effects of
cholesterol depletion, J. Neurochem. 102 (2007) 378–388.
[50] D. Kapogiannis, M.P. Mattson, Disrupted energy metabolism and neuronal circuit
dysfunction in cognitive impairment and Alzheimer's disease, Lancet Neurol. 10
(2011) 187–198.
[51] M.L. Michaelis, D.J. Bigelow, C. Schoneich, T.D. Williams, L. Ramonda, D. Yin, A.F.
Huhmer, Y. Yao, J. Gao, T.C. Squier, Decreased plasma membrane calcium transport
activity in aging brain, Life Sci. 59 (1996) 405–412.
[52] J. Gao, D.H. Yin, Y. Yao, H. Sun, Z. Qin, C. Schoneich, T.D. Williams, T.C. Squier, Loss of
conformational stability in calmodulin upon methionine oxidation, Biophys. J. 74
(1998) 1115–1134.
[53] D.R. McLachlan, L. Wong, C. Bergeron, K.G. Baimbridge, Calmodulin and calbindin
D28K in Alzheimer disease, Alzheimer Dis. Assoc. Disord. 1 (1987) 171–179.
[54] M. Gallagher, J.L. Bizon, E.C. Hoyt, K.A. Helm, P.K. Lund, Effects of aging on the hippo-
campal formation in a naturally occurring animal model of mild cognitive impair-
ment, Exp. Gerontol. 38 (2003) 71–77.
1476 M. Berrocal et al. / Biochimica et Biophysica Acta 1852 (2015) 1465–1476[55] J. O'Keefe, Place units in the hippocampus of the freely moving rat, Exp. Neurol. 51
(1976) 78–109.
[56] R.J. Sutherland, I.Q. Whishaw, B. Kolb, A behavioural analysis of spatial localization
following electrolytic, kainate- or colchicine-induced damage to the hippocampal
formation in the rat, Behav. Brain Res. 7 (1983) 133–153.
[57] R.S. Astur, L.B. Taylor, A.N. Mamelak, L. Philpott, R.J. Sutherland, Humans with hippo-
campus damage display severe spatial memory impairments in a virtual Morris
water task, Behav. Brain Res. 132 (2002) 77–84.
[58] P. Dikkes, C. Hawkes, S. Kar, M.F. Lopez, Effect of kainic acid treatment on insulin-
like growth factor-2 receptors in the IGF2-deﬁcient adult mouse brain, Brain Res.
1131 (2007) 77–87.
[59] H.S. Noh, Y.S. Kim, Y.H. Kim, J.Y. Han, C.H. Park, A.K. Kang, H.S. Shin, S.S. Kang, G.J.
Cho, W.S. Choi, Ketogenic diet protects the hippocampus from kainic acid toxicity
by inhibiting the dissociation of bad from 14-3-3, J. Neurosci. Res. 84 (2006)
1829–1836.
[60] J. Deshpande, K. Bergstedt, T. Linden, H. Kalimo, T. Wieloch, Ultrastructural changes
in the hippocampal CA1 region following transient cerebral ischemia: evidence
against programmed cell death, Exp. Brain Res. 88 (1992) 91–105.
[61] K.O. Cho, S.K. Kim, Y.J. Cho, K.W. Sung, S.Y. Kim, Regional differences in the neuro-
protective effect of minocycline in a mouse model of global forebrain ischemia,
Life Sci. 80 (2007) 2030–2035.
[62] H.J. Shin, J.Y. Lee, E. Son, D.H. Lee, H.J. Kim, S.S. Kang, G.J. Cho, W.S. Choi, G.S. Roh,
Curcumin attenuates the kainic acid-induced hippocampal cell death in the mice,
Neurosci. Lett. 416 (2007) 49–54.
[63] E. Gomez de Barreda, M. Perez, P. Gomez Ramos, J. de Cristobal, P. Martin-Maestro,
A. Moran, H.N. Dawson, M.P. Vitek, J.J. Lucas, F. Hernandez, J. Avila, Tau-knockout
mice show reduced GSK3-induced hippocampal degeneration and learning deﬁcits,
Neurobiol. Dis. 37 (2009) 622–629.
[64] D.B. Fonseca, M.R. Sheehy, N. Blackman, P.M. Shelton, A.E. Prior, Reversal of a
hallmark of brain ageing: lipofuscin accumulation, Neurobiol. Aging 26 (2005)
69–76.
[65] A. Hohn, T. Grune, Lipofuscin: formation, effects and role of macroautophagy, Redox
Biol. 1 (2013) 140–144.
[66] G. Eichhoff, M.A. Busche, O. Garaschuk, In vivo calcium imaging of the aging
and diseased brain, Eur. J. Nucl. Med. Mol. Imaging 35 (Suppl. 1) (2008) S99–106.
[67] C.G. Dotti, G.A. Banker, L.I. Binder, The expression and distribution of the
microtubule-associated proteins tau andmicrotubule-associated protein 2 in hippo-
campal neurons in the rat in situ and in cell culture, Neuroscience 23 (1987)
121–130.
[68] T.L. Briones, H. Darwish, Decrease in age-related tau hyperphosphorylation and
cognitive improvement following vitamin D supplementation are associated with
modulation of brain energy metabolism and redox state, Neuroscience 262 (2014)
143–155.
[69] S. Khatoon, I. Grundke-Iqbal, K. Iqbal, Brain levels of microtubule-associated protein
tau are elevated in Alzheimer's disease: a radioimmuno-slot-blot assay for nano-
grams of the protein, J. Neurochem. 59 (1992) 750–753.
[70] A.D. Alonso, J. Di Clerico, B. Li, C.P. Corbo, M.E. Alaniz, I. Grundke-Iqbal, K. Iqbal,
Phosphorylation of tau at Thr212, Thr231, and Ser262 combined causes neurode-
generation, J. Biol. Chem. 285 (2010) 30851–30860.[71] C.X. Gong, T. Lidsky, J. Wegiel, L. Zuck, I. Grundke-Iqbal, K. Iqbal, Phosphorylation of
microtubule-associated protein tau is regulated by protein phosphatase 2A inmam-
malian brain. Implications for neuroﬁbrillary degeneration in Alzheimer's disease, J.
Biol. Chem. 275 (2000) 5535–5544.
[72] C.X. Gong, S. Shaikh, J.Z. Wang, T. Zaidi, I. Grundke-Iqbal, K. Iqbal, Phosphatase activ-
ity toward abnormally phosphorylated tau: decrease in Alzheimer disease brain, J.
Neurochem. 65 (1995) 732–738.
[73] C.X. Gong, T.J. Singh, I. Grundke-Iqbal, K. Iqbal, Phosphoprotein phosphatase activi-
ties in Alzheimer disease brain, J. Neurochem. 61 (1993) 921–927.
[74] K. Iqbal, C.X. Gong, F. Liu, Hyperphosphorylation-induced tau oligomers, Front.
Neurol. 4 (2013) 112.
[75] K. Iqbal, F. Liu, C.X. Gong, I. Grundke-Iqbal, Tau in Alzheimer disease and related
tauopathies, Curr. Alzheimer Res. 7 (2010) 656–664.
[76] F. Hernandez, J. Avila, The role of glycogen synthase kinase 3 in the early stages of
Alzheimers' disease, FEBS Lett. 582 (2008) 3848–3854.
[77] C.W. Wittmann, M.F. Wszolek, J.M. Shulman, P.M. Salvaterra, J. Lewis, M. Hutton,
M.B. Feany, Tauopathy in Drosophila: neurodegeneration without neuroﬁbrillary
tangles, Science 293 (2001) 711–714.
[78] C.A. Rankin, Q. Sun, T.C. Gamblin, Tau phosphorylation by GSK-3beta promotes
tangle-like ﬁlament morphology, Mol. Neurodegener. 2 (2007) 12.
[79] F. Hernandez, J. Borrell, C. Guaza, J. Avila, J.J. Lucas, Spatial learning deﬁcit in trans-
genic mice that conditionally over-express GSK-3beta in the brain but do not form
tau ﬁlaments, J. Neurochem. 83 (2002) 1529–1533.
[80] L.N. Clark, P. Poorkaj, Z. Wszolek, D.H. Geschwind, Z.S. Nasreddine, B. Miller, D. Li, H.
Payami, F. Awert, K. Markopoulou, A. Andreadis, I. D'Souza, V.M. Lee, L. Reed, J.Q.
Trojanowski, V. Zhukareva, T. Bird, G. Schellenberg, K.C. Wilhelmsen, Pathogenic
implications of mutations in the tau gene in pallido-ponto-nigral degeneration
and related neurodegenerative disorders linked to chromosome 17, Proc. Natl.
Acad. Sci. U. S. A. 95 (1998) 13103–13107.
[81] E. Kopke, Y.C. Tung, S. Shaikh, A.C. Alonso, K. Iqbal, I. Grundke-Iqbal, Microtubule-
associated protein tau. Abnormal phosphorylation of a non-paired helical ﬁlament
pool in Alzheimer disease, J. Biol. Chem. 268 (1993) 24374–24384.
[82] K. Ghosal, D.L. Vogt, M. Liang, Y. Shen, B.T. Lamb, S.W. Pimplikar, Alzheimer's
disease-like pathological features in transgenic mice expressing the APP intracellu-
lar domain, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 18367–18372.
[83] M. Raza, L.S. Deshpande, R.E. Blair, D.S. Carter, S. Sombati, R.J. DeLorenzo, Aging is
associatedwith elevated intracellular calcium levels and altered calciumhomeostatic
mechanisms in hippocampal neurons, Neurosci. Lett. 418 (2007) 77–81.
[84] D. Riascos, D. de Leon, A. Baker-Nigh, A. Nicholas, R. Yukhananov, J. Bu, C.K. Wu, C.
Geula, Age-related loss of calcium buffering and selective neuronal vulnerability in
Alzheimer's disease, Acta Neuropathol. 122 (2011) 565–576.
[85] S. Camandola, M.P. Mattson, Aberrant subcellular neuronal calcium regulation in
aging and Alzheimer's disease, Biochim. Biophys. Acta 1813 (2011) 965–973.
[86] O. Thibault, P.W. Landﬁeld, Increase in single L-type calciumchannels in hippocampal
neurons during aging, Science 272 (1996) 1017–1020.
[87] T.C. Foster, Calcium homeostasis and modulation of synaptic plasticity in the aged
brain, Aging Cell 6 (2007) 319–325.
[88] C. Supnet, I. Bezprozvanny, Neuronal calcium signaling, mitochondrial dysfunction,
and Alzheimer's disease, J. Alzheimers Dis. 20 (Suppl. 2) (2010) S487–498.
